47 Plants and fungi display a broad range of interactions within natural and agricultural ecosystems 48 ranging from symbiosis to parasitism. Pathogenic interactions are governed by secreted fungal 49 effector proteins, which are thought to coevolve with their host targets. Biotrophic smut fungi 50 which belong to the division of Basidiomycota are well-suited to investigate the evolution of 51 plant pathogens, because several quality draft genomes and genetic tools are available for these 52 species. Here, we used the genomes of Sporisorium reilianum f. sp. zeae and S. reilianum f. sp. 53 reilianum, two closely related formae speciales infecting maize and sorghum, respectively, 54 together with the genomes of Ustilago hordei, U. maydis and S. scitamineum to identify effector 55 genes showing signs of positive selection. The largest numbers of such genes were identified 56 in the two pathovariants of S. reilianum and between paralogues in U. hordei, where many 57 belong to families showing species-specific expansions. Next, we assessed the contribution to 58 virulence of candidate effector genes in S. reilianum f. sp. zeae by deletion of individual genes 59 in a solopathogenic strain. While eight of nine deletions mutants were unaffected in virulence, 60 one mutant had lost virulence. This shows that despite the relatively recent divergent time of 61 the two formae speciales, a signature of positive selection in candidate effector genes in S. 62 reilianum is a poor indicator for the identification of genes with virulence functions. 63 64
Estimation of genome-wide divergence values and divergence times 173
The five genomes of U. hordei, U. maydis, S. scitamineum, S. reilianum f. sp. zeae and S. 174 reilianum f. sp. reilianum were aligned using the multiz genome aligner from the TBA package 175 (Blanchette et al. 2004 ). The resulting multiple genome alignment was further processed to 176 remove coding and ambiguously aligned regions. More specifically, the following filters were 177 applied: 178 -Alignments blocks with paralogous sequences were discarded. 179 -Aligned regions containing sequences annotated as part of a protein coding gene in any of the 180 five species were discarded. 181
This led to an alignment of 2.1 million nucleotides. 182 -A window of 5 nucleotide long was slid along the alignment by 1 nucleotide. Windows 183 containing at least 2 indels were discarded. 184 -A window of 50 nucleotide long was slid along the alignment by 1 nucleotide. Windows 185 containing more than 150 gaps were discarded. 186 -A window of 300 nucleotide long was slid along the alignment by 1 nucleotide. Windows 187 containing more than 500 gaps were discarded. 188 -Finally only alignment blocks of at least 300 nucleotides were kept. 189
The final alignment had a total length of 936,984 nucleotides. Given the strict criteria used to 190 filter the alignment, the divergence estimates obtained for intergenic sequences might represent 191 an underestimate of the true divergence times. 192
Gene families with exactly one member in each species were concatenated and pairwise protein 193 sequence similarities computed using the seqinr package ( used, based on the speciation times of the host lineages: the split between U. maydis and the 198 Sporisorium species was assumed to have occurred between 11 and 24 million years (Myr) ago, 199 corresponding to the estimated speciation time of the maize lineage with the sugarcane lineage, 200 and the split between U. hordei and the other species was constrained to have occurred between 201 24 and 70 Myr ago (Munkacsi et al. 2007 ). Uniform priors were used on these intervals for the 202 Monte-Carlo Markov Chain. As convergence issues arise when large alignments (more than 203 20k positions) are used, we followed the PhyloBayes authors' recommendation and performed 204 a jackknife procedure and generated three datasets of ca 20,000 amino acids by randomly 205 sampling families and concatenating the corresponding alignments. Two chains were run in 206 each case and convergence assessed. Sampling was performed after a burning of 10,000 207 iterations, and every 10 subsequent iterations. Chains were run to ensure that the minimum 208 effective sample size was greater than 30 and maximum relative difference lower than 0.3 in at 209 least one sample. Results are summarized in supplementary table S2 and supplementary fig. S2  210 shows the six chains for the three samples. In addition to the convergence of the two chains for 211 each sample, our results reveal extremely consistent results between samples. Figure 1A shows 212 estimates from one chain of the first data set. 213
214

Detection of positive selection 215
For gene families with at least three members, translated sequences were employed to create 216 maximum likelihood phylogenetic trees using PhyML 3.0 (Guindon et al. 2010) with a 217 minimum parsimony starting tree and the LG amino acid substitution model with a four-classes 218 gamma distribution of site-specific substitution rate (Le and Gascuel 2008) . The best tree 219 topology obtained from nearest neighbor interchange (NNI) and subtree pruning recrafting 220 (SPR) searches was kept (Guindon et al. 2010 neighboring branches of a tree) and 'join' (shared parameters between neighboring branches) 228 were applied to scan for positive selection. Finally, putative secreted effector proteins were 229 identified by predicting secretion using In total, these clusters contain 163 genes, where 100 reside in clusters without virulence 253 phenotype and 63 reside in clusters with virulence phenotype upon deletion. Both types of 254 clusters contain each 32 genes for which a dN/dS ratio could be determined (the missing genes 255 are part of families that do not have at least three members and were therefore not analyzed). 256
The dN/dS ratios of all genes in clusters were compared between clusters with and without 257 virulence phenotype (Wilcoxon Rank-Sum Test). The solopathogenic strain JS161 and derivatives thereof were grown in YEPSlight liquid medium 343 to an optical density at 600 nm (OD600) of 0.8 -1.0 and cell cultures were adjusted to an OD600 344 of 1.0 with sterile water prior to injection into one week old maize (Zea mays) seedlings of the 345 14 dwarf cultivar 'Gaspe Flint' (originally kindly provided by B. Burr, Brookhaven National 346 Laboratories and maintained by self-pollination). Plants were sowed in T-type soil of 347 'Fruhstorfer Pikiererde' (HAWITA, Vechta, Germany) and grown in a temperature-controlled 348 greenhouse (14h-/10h-light/dark cycle, with 28/20°C and 25,000 -90,000 lux during the light 349 period). Virulence symptoms were scored nine to ten weeks post infection according to In addition, a substantial number of positively selected candidate genes was also found in U. 432 hordei (49, and of these 22 genes are predicted to code for secreted proteins), but only very few 433 in U. maydis (2 genes) and S. scitamineum . 451 Therefore, we tested whether genes under positive selection in U. hordei are physically 452 associated with repetitive elements. We performed a binary logistic regression with the 453 prediction of positive selection as a response variable (that is, whether the underlying branch 454 has a dN/dS ratio higher than one) and we considered three putative explanatory variables: (1) 455 whether the gene was predicted to encode a secreted protein, (2) whether the gene is duplicated 456 and (3) the distance of the gene to the closest interspersed repeat. The complete linear model 457 explains of 50% of the observed variance, and the three explanatory variables are all significant 458 at the 0.1% level (supplementary table S7). These results suggest that positively selected genes 459 in U. hordei are associated with duplication events, and positive selection is more likely to 460 occur at genes encoding putative effectors. In addition, the proximity of interspersed repeats 461 increases the odds of positive selection, independently of the two other effects, and is confirmed 462 by a stratification approach: the effect still holds when only duplicated genes are considered, or 463 only genes encoding a secreted protein, or the combination of the two (supplementary table S7). 464
This finding corroborates previous results obtained in other microbial plant pathogens where it 465 was described that effector genes tend to localize in repeat rich regions and where it was 466 suggested that such regions contribute to the rapid evolution of effector genes (Dong et al. 467 2015) . (table 2) , because no 496 solopathogenic strain is presently available for S. reilianum f. sp. reilianum. For each gene at 497 least three independent deletion mutants were generated and tested for virulence. To determine 498 virulence, Gaspe Flint, a dwarf variety of corn, was infected and symptoms were scored in male 499 and female flowers (fig. 2) . Only the deletion of sr10529, a gene showing positive selection in 500 both formae speciales of S. reilianum, showed a strong reduction in virulence (table 2 and reilianum showed that mainly processes related to metabolism and its regulation as well as 539 responses to starvation and external stimuli are enriched in cytoplasmic proteins under positive 540 selection (table 1) . This points at a role of these proteins in adaptation to differences in nutrient 541 availability in the respective host plants maize and sorghum as well as responses to cues 542 originating from the respective host (Haueisen and Stukenbrock 2016) . A study conducted in 543 U. maydis has shown that the fungus induces major metabolic changes in the host plant upon 544 infection during establishment of biotrophy and undergoes a series of developmental transitions 545 22 during host colonization which are likely influenced by the host environment (Doehlemann et 546 al. 2008) . It is thus conceivable that the two S. reilianum accessions have adapted to their 547 different hosts that differ significantly for example in their amino acid and vitamin composition 548 (Etuk et al. 2012) . 549
Out of nine deletions of positively selected genes, only one mutant, lacking sr10529, was 550 affected in virulence. While six genes deleted are single genes in S. reilianum f. sp. zeae for 551 which we failed to identify paralogs, sr12084 has two paralogs, sr14347 has five paralogs and 552 sr10182 has ten paralogs (table 2). In our analysis we have restricted ourselves to generating 553 profile of effector genes might help to look for characteristic differences in development of the 561 mutants compared to wild type strains. Since we lack this information, we scored disease 562 symptoms only in the inflorescences about nine weeks after infection. In three cases positive 563 selection was detected in orthologous genes in S. reilianum f. sp. reilianum (table 2) of S. reilianum could act for example as toxin or could efficiently utilize resources from the 572 environment and thereby limit the growth of other microbes. In these cases, a contribution to 573 virulence is not expected to be observed in effector gene mutants. Moreover, our molecular 574 dating analysis showed that the common ancestors of the investigated smut species originated 575 before the beginning of crop domestication. Therefore, positive selection, whose signs we 576 detect by our approach, has most likely occurred on ancestral host plants and not on the 577 domesticated host maize. Consequently, some of the candidate effector genes under positive 578 selection might not be important for the colonization of crop plants, but for infection of related 579 wild species. 580
In U. maydis, we note that effector genes residing in clusters whose deletion affected virulence 581 One candidate gene (sr10529) under positive selection in both formae speciales of S. reilianum 594 showed a strong contribution to virulence upon deletion. It is orthologous to the previously 595 24 described protease inhibitor Pit2 in U. maydis, where the deletion also abolished virulence 596 (Doehlemann et al. 2011; Mueller et al. 2013 ). Positively selected residues in the PID14 domain 597 of Pit2 might reflect that different proteases need to be inhibited in maize and sorghum. Pit2 598 might thus contribute to determining the host range of the respective species. A role of cysteine 599 protease inhibitors in host specificity was demonstrated in the pathosystem Phytophthora 600 infestans, a pathogen of potato and its sister species Phytophthora mirabilis, which infects the 601 ornamental plant Mirabilis jalapa. Positively selected orthologous protease inhibitors where 602 shown to inhibit proteases specific to the respective host plants and this specificity could be 603 traced back to a single amino acid substitution (Dong et al. 2014) . Surprisingly, 24 positively 604 selected sites in Pit2 were detected outside the PID14 domain in the 57 amino acid long C-605 terminus in both S. reilianum f. sp. zeae and f. sp. reilianum. This finding raises the intriguing 606 possibility that the C-terminus of Pit2 might possess a second function, which is independent 607 of protease inhibition. Earlier work has shown that the pit1 gene encoding a transmembrane 608 protein is located next to the pit2 effector gene and both genes contribute similarly to virulence 609 (Doehlemann et al. 2011 ). Furthermore, pit1 and pit2 are divergently transcribed which makes 610 it likely that the expression of pit1 and pit2 is co-regulated. In addition, this gene arrangement 611 of pit1 and pit2 is conserved in U. hordei, U. maydis, S. scitamineum and S. reilianum (Sharma 612 et al. 2015) . This finding has led to the speculation that Pit1 and Pit2 somehow act together to 613 govern virulence of U. maydis and related smut fungi. It was hypothesized that that Pit2 shuttles 614 apoplastic maize proteins towards Pit1, thereby scavenging damage-associated molecules 615 (Doehlemann et al. 2011) . In this scenario, the positively selected amino acids in the C-terminus 616 of Pit2 could have been selected for scavenging such molecules as adaptation to the two hosts. 617
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